One hundred and sixty weanling piglets with an initial average body weight (BW) of 7.3 kg were used in a 2×2 factorial experiment to investigate interactions between tetrabasic zinc chloride (TBZC) and copper sulphate (CuSO 4 ) on growth performance. In five piglets per treatment activity of enzymes in pancreas and digesta and short-chain fatty acids (SCFA) concentration in digesta were determined. The piglets were offered the following diets for 28 days: 1. no supplementation of TBZC and CuSO 4 ; 2. supplementation of 250 mg/kg Cu from CuSO 4 ; 3. supplementation of 1500 mg/kg Zn from TBZC; 4. supplementation of 1500 mg/kg Zn from TBZC and 250 mg/kg Cu from CuSO 4 . Each treatment had five replications (pens) of eight piglets (half castrated males and half females). The results showed that average daily gain (ADG) was improved (P<0.05) by the addition of TBZC and (or) CuSO 4 . The addition of TBZC increased (P<0.05) the activity of chymotrypsin in the duodenum contents (3.145 vs 2.095, respectively). TBZC and CuSO 4 synergistically reduced (P<0.05) pH of the jejunum contents. The addition of TBZC or CuSO 4 increased (P<0.05) total SCFA concentrations, and the proportion of acetic acid and propionic acid in the colon. TBZC reduced (P<0.05) the proportions of isobutyric acid (1.470 vs 1.830, respectively) and isovaleric acid (0.171 vs 0.203, respectively), but CuSO 4 increased (P<0.01) the proportions of isobutyric acid (1.904 vs 1.396, respectively) in the colon. There was a significant interaction between TBZC and CuSO 4 for ADG (P<0.01), for trypsin activities in both pancreatic tissue homogenates (P<0.01) and duodenal contents (P<0.05) and for chymotrypsin activities in both pancreatic tissue homogenate 466 ZN AND CU -GROWTH AND DIGESTIVE TRACT OF PIGLETS (P<0.05) and jejunum contents (P<0.01), and for total SCFA concentrations in the colon. These data indicated that the growth-promotional mechanisms of TBZC and CuSO 4 might be different.
INTRODUCTION
Feeding high level of Zn to weanling piglet could decrease the incidence of non-specific post-weanling scours and improve growth performance (Case and Carlson, 2002; Zhang and Guo, 2007) . However, the mechanism of this action is obscure. Our previous experiment indicated that feeding pharmacological tetrabasic Zn chloride (TBZC) improved growth performance of weanling piglets, and that TBZC is a better Zn source compared with ZnO for weanling piglet diets to enhance growth performance at lower dosage (Zhang and Guo, 2007) .
High dietary concentrations of copper sulphate (CuSO 4 ) have long been recognized for its growth-promoting effects in diets for weanling piglets (Bunch et al., 1961; Radecki et al., 1992) . Feeding 250 mg/kg Cu from CuSO 4 improved growth performance of weanling piglets (Armstrong et al., 2004) . Previous research indicated that there was an interaction between high level of zinc oxide (ZnO) and CuSO 4 , but additive responses to growth-promoting were not observed (Smith et al., 1997; Hill et al., 2000) . However, recently research reported that organic copper and ZnO had additive benefits effects on piglet's performance (Pettigrew and Perez-Mendoza, 2007) . The additive effects of TBZC and CuSO 4 had not been tested.
Weanling of piglets is commonly followed by a depression in growth rate and diarrhoea during first one and (or) two weeks after weaning. Decrease in the activity of digestive enzymes in the pancreatic tissue after weaning has been reported which has been suggested to give a predisposition to the poor growth performance (Hedemann and Jensen, 2004) . The pH in the intestine is an important factor influencing the activity of digestive enzymes. Changes in pH outside normal ranges can result in decreasing digestive ability and eventually reducing growth performance. In addition, intestinal pH is also important to keep animal intestinal health by maintaining the balance between nonpathogenic and pathogenic microorganisms. The quantity of short-chain fatty acid (SCFA) produced in the intestine depends on the types and numbers of different bacterial population in the gut (MacFarlane and MacFarlane, 2003) . Cu and Zn had been recognized as having antibacterial activity (Dupont et al., 1994) . Measurement of intestinal responses, such as pH and SCFA, had been used to determine gut health in piglet. It is speculated that supplementing piglet diets with TBZC and CuSO 4 may make an intestinal environment unsuitable for pathogenic bacterial growth.
One objective of this experiment was to evaluate the interactive effects of high concentrations of dietary Zn as TBZC, and Cu as CuSO 4 on growth performance of weanling piglets. The other objective of this experiment was to further investigate the effect of a growth-stimulating level of TBZC and CuSO 4 on the activity of digestive enzymes, intestinal pH and SCFA concentration of weanling piglets.
MATERIAL AND METHODS

Animals and diets
The experiment was designed as a 2×2 factorial. One hundred and sixty piglets (Landrace × Large White), weaned at 27±1 days of age with an average initial weight of 7.3 kg, were allotted to pens on the basis of similar body weight (BW), ancestry and gender. Each treatment had five replications (pens) of eight piglets (half castrated males and half females). Piglets were housed on hard plastic slotted floors with self-feeders, and automatic stainless nipple waterers. Feed and water were available ad libitum. The basal diets with approximately 138 mg Zn/kg and 16 mg Cu/kg were formulated to meet or exceed nutrient requirements recommended by NRC (1998 Piglets and feeders were weighed for calculation of average daily gain (ADG), average daily feed intake (ADFI) and feed conversion ratio (FCR) on d 14 or d 28 of the experiment. Faecal scores were evaluated daily, and expressed as percentage for a period of two or four weeks. The severity of scours (1-5) based on Zhang and Guo (2007) were assigned daily by a person unaware of the dietary treatments (1 -hard faeces, rarely seen; 2 -no scours, normal consistency of faeces formed; 3 -mild scours, soft, partially formed faeces; 4 -moderate scours, loose, semiliquid faeces; 5-watery faeces). Values of each pen were subsequently averaged for a period of two or four weeks. The use of piglets for this study was approved by the Animal Care Committee of China Agricultural University.
Sample collection
At the end of the experiment, one barrow that the body weight was near the average of the pen was selected randomly to collect samples. The selected piglets were sacrificed after anaesthetizing by intraperitoneal injection of pentobarbital sodium (40 mg/kg). The abdominal cavity was opened, the pancreas (approximately 10 g) was sliced from the same area stored in propylene bags and immediately frozen in liquid nitrogen for further analysis of digestive enzyme activities. On removal of the entire gastrointestinal tract, digesta samples were taken from the duodenum (10 cm from stomach), the jejunum (100 cm from stomach), the ileum (10 cm from ileo-caecal orifice) and the proximal colon of each piglet, immediately stored in propylene tubes, and frozen in liquid nitrogen immediately. All samples were stored at -80°C until analysis could be performed.
pH measurements
The pH of the intestinal contents from the duodenum, jejunum, ileum and colon was measured immediately after collection. All pH measurements were made on a pH meter, which was standardized with certified pH 4 and pH 7 buffer solutions. The sensitivity of the assay was 0.01.
Digestive enzyme activity analysis
The samples were thawed and homogenized (1:5 wt/vol) in distilled water at 0°C, centrifuged at 10 000 g for 10 min at 4°C, and the supernatant was used to determine the protein concentration, the activities of trypsin and chymotrypsin. The zymogens of trypsin and chymotrypsin in pancreas homogenates were activated by incubation in 0.1% enterokinase solution 1:1 (vol/vol) for 1 h at 37°C.
Trypsin activity was measured from the hydrolysis of p-nitroaniline from benzoyl-DL-arginine-p-nitroanilide (DL-BAPNA) (Gertler and Nitan, 1970) . Units were expressed as nanomoles of p-nitroaniline released per min per g of protein.
A similar method was used for the determination of chymotrypsin with N-glutaryl-L-phenylalanine-p-nitroanilide (GPNA) replacing BAPNA (Erlanger et al., 1966) .
Analysis of the SCFA concentrations
The concentration of SCFA (acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, valeric acid) was measured using gas chromatography (Zijlstra et al., 1977) . Two hundred mg of chyme were suspended in sterile distilled water (1.6 ml) and metaphosphoric acid (0.2 ml) was added. 2-Mercapto isobutyric acid (0.2 ml) was added as an internal standard. The sample was mixed for 45 min with an orbital shaker and centrifuged for 15 min at 10 000 g at room temperature. One μl of the extract were injected onto the column of a Hewlett Packard 19091N-213 series chromatograph with a flame ionization detector, a cross-linked phenyl methyl silicone capillary column (30 m × 0.32 mm × 0.5 μm). The carrier gas was helium at 20 ml per min, the air flow was 450 ml per min and the hydrogen flow was 40 ml per min, the injector was heated to 200°C and the detector to 250°C.
Statistical analysis
Data were analysed by General Linear Model (GLM) procedure of SAS (2002) . The main effects of TBZC, CuSO 4 , and their interactions were analysed. At P values <0.05, differences were considered as significant. If a significant difference for main effects existed, differences among each treatment group were tested by Duncan's multiple-range test. Each pen served as the experimental unit. Scouring data was analysed after being arcsin transformed. Actual scouring data listed in the table, but SEM was for the transformed data.
RESULTS
Growth performance. The effect of TBZC and CuSO 4 addition on body weight gain and feed consumption was shown in Table 2 . The supplementation of TBZC had a clear effect on ADG (P≤0.05) for week 1-2 or week 1-4. The supplementation of TBZC increased ADG of weanling piglets (268 vs 251 for week 1-2, 335 vs 319.5 for week 1-4, respectively). TBZC supplementation did not affect ADG during week 3-4. TBZC did not affect ADFI in any of the periods. The addition of CuSO 4 had a clear effect on ADG and ADFI. ADG and ADFI were greater (P<0.01) in piglets fed diets containing 250 mg Cu/kg from CuSO 4 in any of the periods. During week 3-4 and week 1-4, an interaction between TBZC and CuSO 4 was found for ADG of weanling piglets (P=0.001). TBZC supplementation stimulated ADG of piglets fed on diets unsupplemented but not on supplemented with CuSO 4 . During week 1-4, piglets fed diets containing 250 mg Cu/kg from CuSO 4 or both containing 250 mg Cu/kg from CuSO 4 and 1500 mg Zn/kg from TBZC had the greatest ADG, followed by the animals fed diets containing only TBZC, containing neither TBZC nor CuSO 4 . None of the dietary treatments affected FCR in any of the periods.
Faecal scores and consistency. The effect of TBZC and CuSO 4 on faecal scores and consistency was shown in Table 3 . There were no effect on faecal scores and consistency by supplementation of TBZC and/or CuSO 4 in the diets during nursery period. 2 faecal scores (%) were calculated as the percent of the total number of days when signs of scours were evident within the pen on a total number of days (14 d or 28 d); TBZC -tetrabasic zinc chloride; CuSO 4 -copper sulphate pH. The effect of TBZC and CuSO 4 on intestinal pH was shown in Table 4 . There was only a significant interaction (P<0.05) between TBZC and CuSO 4 for pH in the jejunum. The supplementation of TBZC and CuSO 4 reduced pH in the jejunum compared with the other dietary treatments. Table 5 . There was a significant interaction between TBZC and CuSO 4 for trypsin activities in both pancreatic tissue homogenates (P<0.01) and duodenal contents (P<0.05) and for chymotrypsin activities in both pancreatic tissue homogenates (P<0.05) and jejunum contents (P<0.01) at 28 days. CuSO 4 supplementation reduced trypsin activities in duodenal contents and chymotrypsin activities in both pancreatic tissue homogenates and jejunum contents of piglets fed on the TBZC diet, but not in those without TBZC. The supplementation of TBZC increased (P<0.05) chymotrypsin activities in the duodenum contents (3.145 vs 2.095, respectively). Neither TBZC nor CuSO 4 addition had a significant effect on trypsin activities in the jejunum contents.
Short-chain fatty acids. The effect of TBZC and CuSO 4 on the SCFA concentrations in the ileum and colon was shown in Table 6 . The supplementation of TBZC and CuSO 4 had no effect on ileum SCFA concentrations. There was an interaction between TBZC and CuSO 4 (P<0.05) in total SCFA concentrations in the colon. Piglets offered diets containing 250 mg/kg Cu from CuSO 4 had significantly increased (P<0.01) total SCFA concentrations in the colon. The piglets offered diets containing TBZC had a significantly higher total SCFA concentrations in the colon than the TBZC-free diets (P<0.01). TBZC inclusion increased (P<0.05) the proportion of acetic acid (15.103 vs 11.878, respectively) and propionic acid (6.188 vs 5.059, respectively), and significantly reduced (P<0.05) the proportion of isobutyric acid (1.470 vs 1.830, respectively) and isovaleric acid (0.171 vs 0.203, respectively) in the colon. Piglets offered diets supplemented with CuSO 4 had significantly increased (P<0.01) the proportion of acetic acid (14.89 vs 12.09, respectively), propionic acid (6.625 vs 4.621, respectively) and isobutyric acid (1.904 vs 1.396, respectively) in the colon. The supplementation of TBZC and CuSO 4 had no effect on colon valeric acid concentration and the ratio of acetic acid to propionic acid. 1 each value represents the mean of five piglets, one pig per pen (n=5); 2 total SCFA -acetic acid + propionic acid + isobutyric acid + butyric acid + isovaleric acid; + valeric acid; 3 ND -not detected a,b,c means on the same row lacking a common superscript letters are different (P<0.05); TBZC -tetrabasic zinc chloride; CuSO 4 -copper sulphate; SCFA -short-chain fatty acid DISCUSSION Results from the current experiment indicated that supplementation of TBZC increased ADG. This result was consistent with previous reports that supplementation of Zn at 1500 mg/kg diet from TBZC enhanced the growth performance of weanling piglets (Mavromichalis et al., 2001; Zhang and Guo, 2007) . CuSO 4 is commonly added into weanling piglets diets at concentrations above the nutritional requirement, because high level of CuSO 4 had been shown to have growth stimulatory properties for weanling piglets (Armstrong et al., 2004) . Results similar to these in our experiment, which inclusion of CuSO 4 to weanling piglet diets increased ADG, were also observed. Limited study is available to document or explain the interactions between TBZC and CuSO 4 in weanling piglets. Smith et al. (1997) found an interaction between ZnO and CuSO 4 for ADG from d 14 to 28 after weaning. A regional study conducted by Hill et al. (2000) found an interaction between Zn (ZnO) and Cu (CuSO 4 ) for growth performance, and responses to Zn and Cu were independent and not additive in the current experiment. There was only an interaction between TBZC and CuSO 4 for 1-4 week ADG. This small difference may be attributed to physical characteristics of Zn sources (ZnO or TBZC). Zhang and Guo (2007) reported that TBZC was completely soluble in 0.4% HCl, 2% citric acid and neutral ammonium citrate, but the solubility value of ZnO was 94, 70 and 61% in 0.4% HCl, 2% citric acid and neutral ammonium citrate, respectively. Dupont et al. (1994) reported that the inclusion of Zn or Cu to cell culture could inhibit the activity of haemolysin from Serpulina hyodysenteriae, an important virulence factor in the pathogenesis of pig dysentery. Previous research reported that high levels of dietary Zn reduced the incidence and severity of diarrhoea, and improved faecal consistency after weanling (Schell and Kornegay, 1996; Hill et al., 2000) . Recently, Zhang and Guo (2007) reported that the faecal scores and consistency were reduced in weanling piglets fed high level of TBZC. Hill et al. (2000) found a significant Zn and Cu effects and a Zn x Cu interaction on faecal consistency. They reported that high Zn, high Cu, or the combination of high Zn and Cu resulted in firmer stools than in piglets fed only adequate Zn and Cu. The lack of a reduction in incidence and severity of diarrhoea for TBZC or CuSO 4 in this experiment may be explained by the diet composition, and by the excellent health status of the weanling piglets fed the control diet.
Maintenance of optimal pH in the intestine is necessary for optimal digestive enzyme functionality. In the current study, results showed that neither TBZC nor CuSO 4 had significant effects on the pH of duodenum, ileum and colon contents. However, there was a significant interaction between TBZC and CuSO 4 for pH in the jejunum contents. TBZC and CuSO 4 synergically reduced pH of the jejunum contents. Feeding high level of TBZC and CuSO 4 resulted in pH reduction in jejunum, promoted one of the conditions which often associated with an optimal intestine ecosystem (Jensen, 1998) . Changes in HCl secretion by stomach that regulate the pH may contribute to no effect of TBZC and (or) CuSO 4 on pH of the duodenum contents. Ileal pH returned to normal ranges more quickly than jejunal pH when they were perfused with solutions of different pH (Hurwitz and Bar, 1968) which may explain why TBZC and (or) CuSO 4 did not affect the pH of the ileum contents. In addition, the total SCFA in ileum was not affected by TBZC and CuSO 4 . The effect of TBZC and CuSO 4 on intestinal pH may warrant further investigation.
Supplementation of TBZC in weanling piglet diet resulted in marked increases in the activity of chymotrypsin in the pancreatic tissue homogenate and intestinal contents. This result is in agreement with Hedemann et al. (2006) that feeding 2500 mg/kg Zn from ZnO increased the chymotrypsin activity. After weaning, a reduction in the activity of pancreatic enyzmes had been reported (Owsley et al., 1986) . The activity of pancreatic digestive enzymes in intestinal contents had been used to evaluate the pancreatic secretion (Hedemann and Jensen, 2004) . In this experiment, TBZC stimulated the synthesis and secretion of pancreatic chymotrypsin. This may be associated with the growth-promoting effect of TBZC. The lack of effect of TBZC on the activity of trypsin is contrary to the results obtained in rats where feeding large doses of ZnO resulted in increasing the activity of trypsin in pancreatic tissue as well as intestinal contents (Szabó et al., 2004) . However, Hedemann et al. (2006) reported that the activity of trypsin in pancreatic tissue homogenates but not small intestinal contents was elevated after feeding a high dietary concentration of ZnO. The discrepancy may be attributed to Zn source and animals used in the experiments. The lack of effect of CuSO 4 on the enzyme activities in this experiment is in agreement with previous reports (Luo and Dove, 1996; Hedemann et al., 2006) . Surprisingly, the addition of CuSO 4 to the diet containing 1500 mg Zn/kg TBZC had a negative effect on trypsin activities in duodenal contents and chymotrypsin activities in both pancreatic tissue homogenates and jejunum contents. This result warrants further investigation. SCFA formation by intestinal bacteria is regulated by environmental, dietary and microbiological factors. The majority of SCFA in the gut are derived from bacterial breakdown of complex carbohydrates as well as proteins and peptides (MacFarlane and MacFarlane, 2003) . TBZC and (or) CuSO 4 inclusion increased total SCFA concentrations in colon. These augments are mainly due to an increase of acetic and propionic acid concentrations in colon. The lack of effect on the ratio of acetic to propionic acid by TBZC and (or) CuSO 4 suggests that the ratio of carbon to nitrogen in colon was not affected by TBZC and (or) CuSO 4 . The trophic effects of SCFA on epithelial cell proliferation had been documented in vivo studies with rats (Frankel et al., 1994) . Campbell et al. (1997) documented that the greater total SCFA production may result in a decrease in mucosal atrophy by normalizing cell proliferation in the mucosa of rats. Dietary incorporation of TBZC and (or) CuSO 4 , by producing a greater concentration of total SCFA, may be beneficial in improving gastrointestinal health. Increased SCFA production may result in additional energy available for the weanling piglets. Isobutryic and isovaleric acid are formed from amino acid fermentation (MacFarlane and MacFarlane, 2003) . In such fermentation, toxic metabolites such as ammonia and amines were formed. TBZC reduced the concentrations of isobutryic and isovaleric acid in colon, and ultimately may improve intestinal health.
CONCLUSIONS
In conclusion, supplemented weanling piglet diet with tetrabasic zinc chloride (TBZC) or CuSO4 increased average daily gain during the first 4 week after weaning. The combination of TBZC and CuSO 4 did not result in an additive response. It was shown that TBZC stimulated the synthesis and secretion of pancreatic chymotrypsin and may promote intestinal health. This finding may partly explain the beneficial effects of TBZC on growth performance of weanling piglets.
